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Satellite cells are committed myogenic progenitors that give rise to proliferating myoblasts during postnatal growth and repair of skeletal
muscle. To identify genes expressed at different developmental stages in the satellite cell myogenic program, representational difference
analysis of cDNAs was employed to identify more than 50 unique mRNAs expressed in wild-type myoblasts and MyoD/ myogenic cells.
Novel expression patterns for several genes, such as Pax7, Asb5, IgSF4, and Hoxc10, were identified that were expressed in both quiescent
and activated satellite cells. Several previously uncharacterized genes that represent putative MyoD target genes were also identified,
including Pw1, Dapk2, Sytl2, and NLRR1. Importantly, many genes such as IgSF4, Neuritin, and Klra18 that were expressed exclusively in
MyoD/ myoblasts were also expressed by satellite cells in undamaged muscle in vivo but were not expressed by primary myoblasts. These
data are consistent with a biological role for activated satellite cells that induce Myf5 but not MyoD. Lastly, additional endothelial and
hematopoietic markers were identified supporting a nonsomitic developmental origin of the satellite cell myogenic lineage.
D 2004 Elsevier Inc. All rights reserved.
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Muscle satellite cells are specialized myogenic progen-
itors that are activated during postnatal growth and
regeneration of skeletal muscle. Consequently, the majority
of adult myonuclei are derived from satellite cells following
the growth that occurs postnatally (Schultz, 1996). In
undamaged adult muscle, most satellite cells are quiescent,
contain highly condensed nuclei, and are located beneath
the basal lamina of mature muscle fibers (Armand et al.,
1983; Mauro, 1961; reviewed by Bischoff, 1994; Hawke
and Garry, 2001; Seale and Rudnicki, 2000). In response to
a variety of stimuli including exercise, stretching, and
injury, satellite cells are activated and give rise to committed
myogenic precursor cells (MPCs) that proliferate and0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.07.034
* Corresponding author. Molecular Medicine Program, Ottawa Health
Research Institute, 501 Smyth Road, Ottawa, Ontario, Canada K1H 8L6.
Fax: +1 613 737 8803.
E-mail address: mrudnicki@ohri.ca (M.A. Rudnicki).differentiate to form new myofibers (Appell et al., 1988;
Darr and Schultz, 1987; Grounds and Yablonka-Reuveni,
1993; Rosenblatt et al., 1994; Schultz, 1989; Schultz et al.,
1985). Activated satellite cells are also thought to generate
progeny that remains undifferentiated, hence restoring the
pool of quiescent satellite cells (Bischoff, 1994; Seale and
Rudnicki, 2000).
Due to their low abundance in mature muscle (2–5% of
sublaminar nuclei), it has been difficult to molecularly
investigate early events associated with satellite cell activa-
tion. Additionally, there remains a paucity of genetic markers
unique to the satellite cell lineage. Many satellite cell markers
such as Neural Cell Adhesion Molecule-1 (Ncam1) (Bis-
choff, 1994), Foxk1 (Garry et al., 1997), c-met (Cornelison
and Wold, 1997), and Syndecans 3–4 (Cornelison et al.,
2001) are also expressed in other lineages. The character-
ization of novel genes expressed in satellite cells is essential
for elucidating the molecular pathways implicated in their
development and function during tissue growth and
regeneration.275 (2004) 287–300
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or protein for any of the myogenic regulatory factors
(MRFs) (Cooper et al., 1999; Cornelison and Wold, 1997;
Smith et al., 1994; Yablonka-Reuveni and Rivera, 1994).
Following activation, satellite cells upregulate either MyoD
or Myf5 mRNA before the initiation of DNA synthesis
(Smith et al., 1994). RT-PCR experiments of single cells on
isolated muscle fibers showed that activated satellite cells
first express either MyoD or Myf5 before coexpressing both
factors (Cornelison and Wold, 1997). Analysis of regenerat-
ing muscle confirmed that myoblasts express either MyoD
or Myf5 alone or coexpress both factors (Cooper et al.,
1999). These observations suggest that activated satellite
cells possess differential biological properties depending
upon whether they initially activate MyoD or Myf5.
Previous work identified a unique requirement for MyoD
in the satellite cell lineage (Megeney et al., 1996). Specifi-
cally,MyoD/ muscles display a severe regeneration deficit
following crush-induced damage or on a dystrophic (mdx)
background. Importantly, MyoD/ muscle contains an
increased number of satellite cells suggesting an increased
propensity for MyoD/ satellite cells to self-renew rather
than terminally differentiate. Consistent with these findings,
satellite cell-derived myoblasts fromMyoD-deficient muscle
display a profound differentiation deficit and an increased
growth rate in vitro (Cornelison et al., 2000; Sabourin et al.,
1999; Yablonka-Reuveni et al., 1999). Significantly,
MyoD/ myogenic cells express increased levels of Myf5
mRNA and protein (Sabourin et al., 1999), demonstrating
the inability of Myf5 to compensate for the absence of MyoD
during differentiation.
The phenotype of MyoD-deficient adult myoblasts
suggested the hypothesis that MyoD/ myogenic progen-
itors are similar to activated satellite cells that express Myf5
alone (i.e., Myf5+:MyoD) and are developmentally
upstream of cells that express MyoD (Sabourin et al.,
1999; Seale and Rudnicki, 2000). Therefore, cultured
MyoD/ myogenic cells are a unique resource to identify
satellite cell-specific mRNAs. In this study, we employed
representational difference analysis of cDNAs (Hubank and
Schatz, 1994) to identify markers expressed specifically in
wild-type primary myoblasts and MyoD-deficient myogenic
cells. These experiments provide a collection of novel
cDNAs whose expression defines different developmental
stages in the satellite cell lineage.Materials and methods
Cell cultures
Primary myoblast cultures were prepared from adult (6–8
weeks old) MyoD/ (Rudnicki et al., 1992) and Balb/c
(Jackson Laboratories) control animals as described previ-
ously (Sabourin et al., 1999). Primary low passage (bp6)
myoblast cultures derived from multiple (N3) animals werepooled for use in gene expression studies to control for
biological variability and to maintain their primary character-
istics. Desmin and Myf5 immunoreactivity confirmed that
cell cultures were N98% pure myoblasts. Myoblasts were
propagated on collagen-coated dishes in Ham’s F-10 medium
(Invitrogen) supplemented with 20% FBS and 2.5 ng/ml
bFGF (Invitrogen). Myoblast cultures were induced to
differentiate in DMEM supplemented with 5% horse serum.
Mouse embryonic fibroblasts (MEFs) were obtained from
E14.5 Balb/c mouse embryos using standard procedures
(Robertson, 1987) and maintained as primary cultures in 10%
FBS/DMEM. C3H10T1/2 fibroblasts and C2C12 myoblasts
were obtained from ATCC and maintained in 10% FBS/
DMEM.
Representational difference analysis
Representational difference analysis of cDNAs was
performed as described previously (Hubank and Schatz,
1994). Briefly, double-stranded cDNAwas digested with the
four-cutterDpnII (New England Biolabs) and ligated with R-
Bgl-24 adaptors. PCR was used to amplify the cDNA pools
before subtractive hybridizations. R-Bgl-24 adaptors were
subsequently removed from the cDNA pools, and J-Bgl-24
adaptors were then ligated only to btesterQ cDNA pools. For
subtractive hybridizations, wild-type myoblast cDNA
btesterQ was subtracted against MEF cDNA at 1:100 and
1:400 to yield wtDP1 and wtDP2, respectively. DP3 was
generated by subtracting DP2 against cDNA prepared from
uninjured whole skeletal muscle at a ratio of 1:400.MyoD/
cDNA tester was subtracted against C3H10T1/2 fibroblast
cDNAs at 1:100 and 1:400 to generate mdDP1 and mdDP2,
respectively. Final difference products were cloned directly
into pCR2.1 (Invitrogen) for sequence analysis.
Affymetrix array analysis
Total RNA was harvested from two independent
isolations of low-passage cultures of wild-type myoblasts
and MyoD/ myogenic cells (as described above for
RDA analysis). Hindlimb muscles from three 6- to 8-
week-old mice were used for each isolate to control for
biological variability between animals. Standard Affyme-
trix protocols were used to yield fluorescently labeled
cRNA fragments, which were hybridized to the Mu11k-
SubA and SubB GeneChips (Affymetrix). The hybridized
GeneChips were scanned, and the raw image files
analyzed using Affymetrix Microarray Suite 4.0’s empiri-
cal algorithm to generate numeric average difference
values and qualitative absent/marginal/present call values.
The resulting processed data were further examined using
Microsoft Excel and Access. Negative and low average
difference values produced by the empirical algorithm
were arbitrarily reassigned threshold values of 50 for
purposes of calculating fold changes. The average fold
change value used to compare the MyoD/ data against
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of the replicates.
RNA isolation and synthesis of double-stranded cDNA
Total RNA was prepared from cell cultures and tissues
using GIT method as previously described (Birnboim, 1988)
or by using Qiagen RNeasy kits for Affymetrix profiling
experiments. PolyA+ mRNAs were prepared by two rounds
of selectionwith oligod(T) cellulose (AmershamBioscience).
Double-stranded cDNAs were generated using the Universal
RiboClone cDNA synthesis kit (Promega). The yield of
double-stranded cDNAwas determined by radioactive mon-
itoring of first and second strand synthesis reactions.
Expression analysis of RDA clones
Northern blot studies were performed according to
standard techniques using random-primed 32P-dCTP radio-
labeled RDA products as probes (Maniatis et al., 1982).
Total RNA (15 Ag) from various tissues and cell lines was
electrophoresed in denaturing Formaldehyde gels and
transferred to Hybond-N filters (Amersham Bioscience).
In situ hybridizations were performed on 10-Am cryosec-
tions of mouse TA muscles from 8-week-old wild-type or 3-
week-old mdx mice (Jackson Laboratories) according to
previously described procedures (Braissant and Wahli,
1998). Sense and antisense in situ probes were synthesized
from RDA products using the DIG labeling mix (Roche)
with SP6 or T7 RNA polymerase (Roche). Alkaline
phosphatase-conjugated anti-DIG antibody (Roche) fol-
lowed by reaction with BCIP/NBT (Roche) was used to
detect hybridized cRNA probes.
Immunohistochemistry was performed on paraformalde-
hyde (PFA)-fixed, 10-Am cryosections using goat anti-
Vcam1 antibody (Santa Cruz), followed by staining with a
biotin-conjugated secondary antibody (Zymed) and strepta-
vidin-HRP (Zymed). Immunoreactive cells were visualized
using aminoethyl carbazole (AEC) substrate (Sigma).
Immunohistochemistry on cultured cells was performed by
fixation with 4% PFA for 5 min, followed by permeabiliza-
tion with 0.5% Triton X-100 for 5 min. Cells were incubated
with primary antibodies against Desmin (DAKO), Pax7
(Developmental Studies Hybridoma Bank), Myf5 (C20,
Santa Cruz), h-Gal (Molecular Probes), and Vcam1 (Santa
Cruz). Secondary detection was performed with FITC- or
HRP-conjugated antibodies (Sigma).Results
Expression profiling of satellite cell-derived myoblasts
Representational difference analysis of cDNAs (cDNA
RDA) was employed to generate libraries of expressed
cDNAs in primary myoblasts from wild-type muscle.cDNAs from wild-type primary myoblasts were subtracted
sequentially against mouse embryonic fibroblast (MEF)
cDNAs at ratios of 1:100 and 1:400 to obtain the first and
second difference products (wtDP1 and wtDP2), respec-
tively (Fig. 1A). To refine the products further and eliminate
markers of terminal myocyte differentiation, including
structural genes (e.g., myosins, dystrophin, etc.), an addi-
tional subtractive step against cDNAs from whole adult
skeletal muscle (1:400) was performed to generate wtDP3.
As expected, the complexity of the wild-type myoblast
cDNA mixture was progressively reduced in wtDP1 and
wtDP2, resulting in the appearance of several distinct cDNA
products in wtDP3 (Fig. 1B).
A similar strategy was used to identify genes responsible
for the behavior of MyoD/ satellite cells including their
increased capacity for self-renewal (Megeney et al., 1996;
Sabourin et al., 1999). MyoD/ myoblast cDNAs were
subtracted twice against cDNAs from C3H10T1/2 fibro-
blasts (at 1:100 and 1:400) to generate mdDP1 and mdDP2,
respectively (Fig. 1C). C3H10T1/2 cDNA was used in this
screen to avoid losing genes coexpressed by activated
MyoD/ myogenic cells and primary multipotent MEFs.
After two rounds of subtraction, mdDP2 contained several
distinct cDNA species (Fig. 1D).
Pools of cDNA from wtDP3 and mdDP2 were cloned
into pCR2.1 (Invitrogen). To recover lower abundance
difference products, 400 individual clones from both
subtracted wild-type and MyoD/ libraries were screened.
Dot-blots consisting of PCR-amplified RDA products were
hybridized with mixtures of labeled clones to identify
redundant sequences. After dot-blot and sequence analysis,
18 difference products were identified from wild-type
myoblasts and 34 difference products from MyoD/
myogenic cells (Table 1). Comparison of cDNA sequences
to database entries in GenBank established the identity of
cloned products (accession numbers provided in Table 1).
Expression analyses of RDA products from wild-type
primary myoblasts
From reverse Northern blot experiments, 51 of the 52
genes identified were differentially expressed in the starting
pools of amplified cDNAs (data not shown), thus validating
the efficacy of RDA subtractions. The expression profile of
40 genes during primary adult myoblast differentiation was
assessed by Northern blot analysis as outlined in Table 1.
The expression patterns for the remaining 11 clones were
not determined because of technical difficulties in obtaining
nonrepetitive cDNA probes or due to the identity of the
cDNA as a gene involved in protein translation, mitochon-
dria, or metabolism that was not the focus of this study (see
supplementary material for information).
Northern analysis revealed that Pax7, L-myc, Pb99, and
Asb5 were expressed in proliferating wild-type andMyoD/
myoblasts with no upregulation observed during myotube
differentiation. As previously demonstrated, Pax7 was
Fig. 1. Experimental strategy for identifying myoblast-specific mRNAs. (A) Wild-type myoblast cDNAs were subtracted against cDNAs prepared from mouse
embryonic fibroblasts (MEF) and whole adult skeletal muscle (sk. musc) to generate the third difference product (DP-3). Ratios used for hybridizations are
indicated. (B) Agarose gel electrophoresis of the starting pool of wild-type myoblast (Wt-Mb) cDNAs and subtracted DP-1, DP-2, and DP-3 showed a
progressive enrichment of specific cDNA molecules. (C) MyoD/ myogenic cell-specific cDNAs were cloned after subtraction against C3H10T1/2 cDNAs.
(D) Agarose gel analysis of the starting MyoD/ myogenic cell cDNA pool (MyoD/Mb), DP-1, and DP-2 revealed the appearance of distinct cDNAs in
DP-2.
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but rapidly downregulated upon differentiation (Seale et al.,
2000). Pb99, a gene that encodes a seven-pass transmem-
brane protein was expressed exclusively in undifferentiated
myoblast cultures (Fig. 2A). Analogous to Pax7, Pb99 was
not detected in total RNA from a panel of cell lines or mouse
tissues (Fig. 2A). Furthermore, in C2C12 myoblasts, Pb99
mRNA was downregulated within the first day of differ-
entiation (data not shown).
Asb5, encoding an Ankyrin-repeat SOCS box contain-
ing protein, was expressed at similar levels in proliferatingand differentiating myogenic cells including wild-type,
MyoD/, and C2C12 myoblasts (Fig. 2A). Asb5 mRNA
was detected in total RNA from adult skeletal muscle but
was not expressed in other adult mouse tissues (Fig. 2A).
These data therefore suggest previously unrecognized roles
for Pb99 and Asb5 in the myogenic satellite cell lineage.
About 10% of cells in cultures of primary growing
myoblasts express myosin heavy chain and are presumed
to represent a basal level of differentiation (Sabourin et al.,
1999). Accordingly, several RDA clones identified from
cultures of wild-type myoblasts were defined as differ-
Table 1
Summary and expression of RDA clones
(continued on next page)
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Table 1 (continued)
References for the RDA clones: Bachner et al., 1998; Bartolomei et al., 1993; Carlsson et al., 1999; Chan and Takei, 1989; Coletti et al., 2002; Deleersnijder et
al., 1996; Duclos et al., 1998; Gu et al., 1999; Kawai et al., 1998; Kimura et al., 1996; Leibovitch et al., 1995; Liu et al., 1997; Lluis et al., 2001; Luttun et al.,
2002; Marthiens et al., 2002; Matsumura and Yamashiro, 1993; Mbalaviele et al., 1998; Murgia et al., 1998; Park et al., 1996; Relaix et al., 1996; Ringelmann
et al., 1999; Sorokin et al., 1997; Suelves et al., 2002; Sykes and Weiser, 1995; Taguchi et al., 1996; Vaittinen et al., 2001.
P. Seale et al. / Developmental Biology 275 (2004) 287–300292entiation specific (Fig. 2B and hatched rows in Table 1),
including Dapk2, Lrrn1, Sytl2, a-sarcoglycan, myogenin,
troponin T1 slow, and three unknown genes. Interestingly,
these genes were all expressed at lower levels in MyoD/cells, consistent with a requirement for MyoD during adult
myoblast differentiation (Cornelison et al., 2000; Sabourin
et al., 1999; Yablonka-Reuveni et al., 1999). Dapk2,
Lrrn1, Sytl2, and the unknown genes remain to be studied
Fig. 2. Expression analysis of wild-type myoblast specific-genes. (A) Pb99 and Asb5 were specifically expressed in proliferating wild-type (Wt-M), MyoD/
(MD/M), and C2C12 (C2-M) myoblasts. Asb5 was also expressed after 3 days of differentiation (Wt-D and MD/D). Asb5 mRNA was also detected in
skeletal muscle tissue (sk. m). Pb99 and Asb5 mRNAs were not detected in a panel of cell lines. (B) Sytl2, Dapk2, Lrrn1, and two unknown genes (wt-23 and
dp3-2) were upregulated during myogenic differentiation in wild-type (Wt) myoblasts. Reduced expression levels were observed in differentiating MyoD/
(MD/) cultures. (C) Unknown gene, dp3-5 was specifically expressed in proliferating and differentiating wild-type and C2C12 (C2) myoblasts. However,
dp3-5 was not expressed in MyoD/ cultures either during growth conditions (day 0) or throughout differentiation (days 1–5). 18s rRNA was used to control
for loading.
P. Seale et al. / Developmental Biology 275 (2004) 287–300 293in the context of myogenesis and may play important roles
in the differentiation process downstream of MyoD.
Clone dp3-5, an unknown gene related to Arachidonate
5T-lipoxygenase, was highly expressed in wild-type and
C2C12 myoblasts during proliferation and differentiation
(Fig. 2C). Furthermore, expression of dp3-5 was not detected
in total RNA isolated from a panel of adult mouse tissues
(Fig. 2C). Strikingly, dp3-5 mRNAwas completely absent in
proliferating as well as differentiating MyoD/ myoblasts
(Fig. 2C). These data therefore suggest that this novel gene is
induced downstream of MyoD in skeletal myoblasts.Expression analyses of MyoD/ RDA clones
Transcriptional profiling of MyoD-deficient myogenic
cells was employed to identify markers expressed by a more
primitive myogenic progenitor. Northern analyses revealed
several genes expressed at higher levels in MyoD/
cultures relative to their wild-type counterparts (see gray-
shaded rows in Table 1). Importantly, the established
satellite cell markers Vcam1 (Fig. 3A) and Integrin-a7
(not shown) were expressed at higher levels in MyoD/
cells compared to wild-type primary myoblasts and C2C12
Fig. 3. Expression analysis of MyoD/-specific genes. (A) Vcam1 was highly expressed in MyoD/ (MD/M) myogenic cells with low levels detected in
wild-type myoblasts. Vcam1 transcripts were also detected in various cell cultures including MEFs and C2C12 myoblasts (C2-M). IgSF4 was expressed in
MyoD/ myoblasts, 293 cells, P19 cells, as well as brain (Br) and testis (Test), but not in wild-type myoblasts. TcR-b was expressed at surprisingly high levels
in MyoD/ cells as well as the Jurkat T cell line (Jk), Thymus (Thy), and Spleen (Spl). Neuritin mRNAwas only detected in MyoD/ myoblasts, NIH 3T3
fibroblasts, brain, and liver. Itm2a was expressed at dramatically higher levels in MyoD/ compared to wild-type myoblasts, with a marked upregulation in
differentiating cells. The Itm2a transcript was not detected in C2C12 myoblasts. 18s rRNA was used as loading control. (B) Mcm6, G0S2, and Hoxc10 were all
expressed at higher levels in MyoD/ (MD/M) relative to wild-type myoblasts (Wt-M). Klra18 mRNA was only detected in MyoD/ myoblasts.
Ethidium-stained RNA samples show loading. (C) Laminin-a5 and PlGF were highly expressed in MyoD/ myoblasts with low levels detected in wild-type
cells. Laminin-a5 mRNA was readily detected in skeletal muscle and brain tissue, while PlGF was expressed at low levels in heart. Ethidium-stained RNA
shows loading.
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2002; Rosen et al., 1992).
RDA facilitated the identification of additional genes
expressed in satellite cells. Immunoglobulin Superfamily-4
(IgSF4) was expressed at high levels in MyoD/ cells,
with a complete absence of expression in wild-typeprimary myoblasts and C2C12 myoblasts (Fig. 3A).
IgSF4 transcripts were also detected in 293 and P19 cells
as well as several adult tissues. Similarly, Neuritin was
expressed in MyoD/ myogenic cells and not primary or
C2C12 myoblasts. Neuritin transcripts were also observed
in NIH 3T3 fibroblasts, brain, and liver (Fig. 3A).
Table 2
Expression of RDA candidates by Mu11K GeneChip
Gene GenBank Avg. Diff./Calla wt/MD
wt MD Fold
Wild-type myoblast RDA candidates
Chrna1 X03986 19325P 191A 101.4
Tnnt1 W08218 3608P 50A 72.2
Lrrn1 D45913 2919P 50A 58.4
Lmyc1 X13945 257P/A 50A 5.1
Chrnd L10076 199P/A 50A 4.0
Dapk2 W82116 149P/A 50A 3.0
Myog D90156 1837P 1319M/A 1.4
MyoD/ myoblast RDA candidates
Informative
Vcam1 X67783 1037P 4612P 4.4
Lama5b U37501 182P/A 731P 4.0
596P 1653P 2.8
Pgf X80171 799P 1704P 2.1
Itm2a L38971 556P 981P 1.8
Tcrb-V13b X00619 8541P 14345P 1.7
AA608090 50A 50A 1.0
Muscle specific
Mcm6 D86726 171P 230P 1.3
G0s2b AA036037 450A 593P/M 1.3
X95280 762P 610P 1.3
Nesb AA057994 9100P 7427P 1.2
7453P 4225P 1.8
H19b X58196 12594P 3884P 3.2
10124P 3062P 3.3
Itgb4 L04678 1244P 212P/A 5.9
Peg3b U48804 2386P 175P/A 13.7
AA172673 10315P 599P/A 17.2
Uninformative
Ptk7 W46016 178P 218A 1.2
Cdh6 D82029 69A 85A 1.2
Itga7 L23423 50A 50A 1.0
a Call = (P)resent, (M)arginal, (A)bsent.
b Two distinct probesets were associated with these genes.
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expressed by MyoD/ myogenic cells, with very low
levels detected in wild-type myoblasts (Fig. 3A). Sim-
ilarly, Placenta Growth Factor (PlGF) was expressed at
high levels by MyoD/ myogenic cells relative to wild-
type myoblasts (Fig. 3C). Northern analysis of Laminin-
a5 demonstrated expression of the transcript in MyoD/
myogenic cells, adult skeletal muscle, and brain (Fig. 3C).
Hoxc10, Killer-cell Lectin Receptor (Klra18), Mcm6, G0/
G1 switch gene-2 (G0S2), and Caldesmon also displayed
elevated expression levels in MyoD/ myogenic cells
relative to wild-type cultures (Fig. 3B and gray shaded
rows in Table 1).
Several genes cloned by RDA from activated MyoD/
satellite cells were also expressed at similar or higher
levels in wild-type myoblasts and throughout differentia-
tion. Protein tyrosine kinase-7 (PTK7), Plasminogen
activator inhibitor-2 (PAI2), and a novel EGF repeat
containing gene similar to MEGF10 (MD p67) were
expressed at high levels in proliferating wild-type and
MyoD/ myogenic cells and downregulated during
differentiation (see Table 1). Integrin b4 exhibited elevated
expression in wild-type compared to MyoD-deficient cells
and was downregulated upon differentiation (see Table 1).
H19 mRNA, Nestin, and two unknown genes (MD p35
and MD 62) are examples of genes cloned from MyoD/
cells that were induced upon myogenic differentiation (see
Table 1). These results have thus identified a significant
number of novel genes that are implicated in various
stages of satellite cell myogenesis.
Transcriptional profiling by Affymetrix arrays
GeneChip microarray analysis was used to examine the
expression patterns of genes identified by the RDA
protocol. Seven of fourteen genes (7/14; 50%) identified
in the wild-type myoblast RDA and 20 of 26 genes (14/
26; 54%) identified in the MyoD/ RDA experiments
were represented in Mu11K probesets. The primitive,
undifferentiated state of the MyoD/ myoblasts is well
illustrated by the expression patterns of muscle-specific
genes identified in the wild-type myoblast RDA screen
including Troponin T1 slow, Chrna1, Lrrn1, and Dapk2
(Table 2). These findings are consistent with the Northern
blot data summarized in Table 1.
Similarly, expression of MyoD/ RDA-identified genes
corroborates the qualitative Northern blot assessments
showing that certain genes such as Vcam1, Laminin-a5,
and Plgf are expressed at markedly higher average levels in
MyoD/ vs. wild-type myoblasts (see Table 2). A subclass
of cDNAs identified in the MyoD/ RDA screen including
H19, Integrin-b4 (Itgb4), Nestin, and Peg3 was expressed
at elevated levels in wild-type myoblasts relative to MyoD-
deficient cells (Table 2). These genes are thought to be
muscle-specific genes that were not represented in the wild-
type myoblast RDA screen because of their expression inskeletal muscle tissue that was used in the subtraction
procedure (see Fig. 1).
Several genes identified by RDA had low average
difference values or bAbsentQ calls on the GeneChips
(e.g., Cadherin6, Integrin-a7), highlighting the utility of
the RDA procedure for sensitive detection of differential but
low-level expression that may not be effectively detected by
the probesets on the microarray. In summary, the Affymetrix
array data are consistent with most of the expression data
derived from Northern blot studies of clones identified in
our RDA screens. We have thus provided a more complete
listing of all the genes that were identified in the Affymetrix
Mu11K hybridizations as having a consistent N2-fold
change after pair-wise comparisons (Supplemental Table
S1).
MyoD/specific transcripts are expressed by satellite
cells in vivo
To determine whether the genes expressed predominantly
by MyoD/ myogenic cells were also expressed in
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vivo, immunohistochemistry and in situ hybridization
studies were employed. Immunohistochemistry revealed
expression of Vcam1 in MyoD/ cells where it was
concentrated at specific regions in the plasma membrane
and cytoplasm (Fig. 4A). Moreover, Vcam1 was expressed
in satellite cells as well as monocuclear interstitial cells in
uninjured muscle (Figs. 4B and C).
IgSF4 mRNA was expressed in 2–3% of nuclei
associated with uninjured wild-type muscle fibers (Figs.
5A and B), with increased expression in regenerating areas
of mdx muscle (Figs. 5C and D). This result suggests that
IgSF4 is specifically expressed in quiescent satellite cells
and their activated descendents. Transcripts for NeuritinFig. 4. Vcam1 protein is expressed inMyoD/ myogenic cells and satellite
cells. (A) Immunohistochemistry demonstrates localization of Vcam1 in
distinct areas of the plasma membrane in MyoD/ myoblasts. Hematoxy-
lin (blue) was used to counterstain nuclei. (B) Vcam1 protein was detected
in satellite cells in cross-sections of uninjured skeletal muscle (arrowheads).
(C) Magnified view of boxed area in B.
Fig. 5. MyoD/-specific mRNAs are expressed by satellite cells in vivo.
(A and B) IgSF4 transcripts were detected in uninjured skeletal muscle by
in situ hybridization. The expression of IgSF4 was associated with 2–3% of
the sublaminar nuclei visualized by PI staining (B). Arrowheads show
IgSF4 expressing cells and corresponding nuclei. (C and D) IgSF4 was
upregulated in regenerating mdx muscles demonstrating its expression in
activated satellite cells and myoblasts. (E and F) Neuritin mRNA was
expressed in uninjured (E) and regenerating skeletal muscle (F). Many
Neuritin-expressing cells were located beneath the basal lamina of muscle
fibers in uninjured muscle (E) (arrowheads) and associated with central
nuclei in regenerated fibers (F) (arrowheads). (G and H) Integrin-a7 was
expressed in satellite cells in uninjured muscle (G) and upregulated during
regeneration (H). (I) Hoxc10 was highly expressed in regenerating mdx
muscle. (J) TcR-b transcripts were also readily detected in regenerating
muscle.were also detected in association with approximately 10%
of nuclei in uninjured wild-type muscle inside as well as
outside the basal lamina of muscle fibers (Fig. 5E). As with
IgSF4, expression of Neuritin was markedly increased in
regenerating mdx muscle (Fig. 5F). The satellite cell marker
Integrin-a7 was also detected in uninjured muscle, with
upregulated expression during regeneration (Fig. 5H). In
addition, Hoxc10 (Fig. 5I), TcR-b (Fig. 5J), Klra18, Itm2a,
and G0S2 (data not shown) were all expressed in a similar
pattern by cells in regenerating muscle. In situ hybridization
of muscle sections with nonspecific sense riboprobes for
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shown). Taken together, these studies suggest that many
genes expressed specifically in MyoD/ myogenic cells
were also expressed by wild-type satellite cells in vivo.Discussion
Satellite cells play a central role in postnatal muscle
growth and regeneration of skeletal muscle. However, the
molecular mechanisms responsible for their activation,
expansion, and self-renewal remain to be elucidated. A
major impediment in the study of satellite cells has been the
difficulty in identifying genes expressed specifically in this
compartment. In this report we have employed a straightfor-
ward experimental strategy to identify novel markers for the
satellite cell lineage (Fig. 1).
Transcriptional mRNA profiling of MyoD/ myogenic
cells by representational difference analysis revealed that
markers expressed by quiescent satellite cells were also
expressed in MyoD-deficient cells (Fig. 5). This indicates
that MyoD/ myogenic cells represent a unique and
tractable in vitro system to identify genetic pathways
important for the function and maintenance of the satellite
stem cell compartment in adult skeletal muscle.
Interestingly, several cDNAs expressed specifically in
MyoD/ myogenic cells were also expressed in hemato-
poietic or endothelial cells including Vascular cell adhesion
molecule-1 (Vcam1), Asb5, Immunoglobulin superfamily-4
(IgSF4), T-cell-receptor b-chain (TcR-b), Killer Lectin
Receptor-18 (Klra18), Laminin-a5 (Lama5), Placenta-
derived growth factor (PlGF), and Cadherin-6 (see refer-
ences given in Table 1). This result supports the suggested
developmental relationship between satellite cells and
hematopoietic–endothelial lineages that has been proposed
previously (De Angelis et al., 1999; Ordahl, 1999).
The developmental origin of satellite cells remains
unclear. Quail-chick grafting experiments originally sug-
gested that satellite cells originated from the somitic
mesoderm along with embryonic and fetal myogenic cells
(Armand et al., 1983). However, De Angelis et al. (1999)
described the isolation of satellite cell myogenic clones from
explanted dorsal aorta but not from the somites of mouse
embryos. Notably, the aorta-derived myogenic cells express
markers characteristic of the hematopoietic and endothelial
cell lineages. The stem cells associated with blood vessels
termed mesangioblasts are multipotential and readily partic-
ipate in the repair of dystrophic muscle (Minasi et al., 2002).
In the present study, we demonstrate that several genes
expressed in hematopoietic lineages are also expressed by
adult muscle satellite cells in vivo. These findings are
consistent with the hypothesis that progenitors associated
with blood vessels can give rise to adult muscle satellite cells.
The use of both wild-type myoblasts and MyoD-
deficient myogenic progenitors in our study identified
distinct subsets of genes based on their expression duringin vitro satellite cell myogenesis (see Table 1). For
example, the paired-box transcription factor Pax7 was
identified as a gene expressed specifically in proliferating
myogenic cells. Based on its expression profile defined by
this study, we then investigated the role of Pax7 in satellite
cells (Seale et al., 2000). Importantly, analyses of Pax7-
deficient mice revealed a requirement for Pax7 in satellite
cell ontogeny. The requirement for Pax7 in the develop-
ment of satellite cells is the basis of many ongoing studies
aimed at identifying the origin of satellite cells and
molecular pathways involved in their specification and
function. The cloning and functional analysis of Pax7 in
adult progenitors highlights the importance of identifying
differentially expressed genes in refined progenitor cell
populations.
The Ankyrin repeat SOCS box containing gene Asb5 was
expressed at high levels in wild-type myoblasts and
MyoD/ myogenic cells as well as skeletal muscle tissue
(Fig. 2A). Asb5 was independently identified as a gene
expressed in smooth muscle and endothelial cells during
arteriogenesis (Boengler et al., 2003). Interestingly, immu-
nolocalization of Asb5 protein in skeletal muscle revealed its
expression in muscle satellite cells (Boengler et al., 2003).
Pb99 was expressed specifically in proliferating myoblasts
and was completely downregulated after 24 h in differentia-
tion conditions (Fig. 2A). Pb99, a putative G-protein-coupled
receptor, is also expressed in pre-B cells and thymocytes
but not in mature lymphocytes (Sleckman et al., 2000).
Several other genes identified in wild-type satellite cell-
derived myoblasts were expressed in a differentiation-
dependent manner, including Synaptotagmin-like 2 (Sytl2),
Death-associated kinase 2 (Dapk2), and Neuronal Leucine
Rich Region-1 (Lrrn1) (Fig. 2B and Table 1). This subset of
genes was expressed at lower levels in MyoD-deficient
myogenic cells, suggesting specific roles in the differ-
entiation process downstream of MyoD. In particular, an
unknown gene related to Arachidonate 5V-Lipoxygenase (5-
Lox) (dp3-5) was expressed in proliferating and differ-
entiating wild-type and C2C12 myoblasts, but notably absent
from MyoD/ cultures (Fig. 2C). The expression pattern of
dp3-5 is suggestive of a role for this gene in myogenic
differentiation that will require further investigation. Taken
together, several genes with previously undescribed roles in
myogenesis were identified in wild-type myoblasts.
The increased self-renewal capacity and enhanced pro-
liferation of MyoD-deficient myoblasts suggested that their
gene expression profile would closely resemble that of
satellite cells in vivo. The identification of known satellite
cell markers including Vcam1 (Figs. 3 and 5) and Integrin-a7
as genes expressed highly in MyoD-deficient myoblasts
illustrates that MyoD/ cells express genes that are also
expressed by satellite cells but that are low or absent in wild-
type myoblasts. Moreover, transcripts for IgSF4 and Neu-
ritin, genes not expressed in wild-type myoblasts, were
detected in cells within uninjured skeletal muscle (Fig. 5).
The frequency of cells expressing IgSF4 and Neuritin and
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regenerating muscle consistent with their expression in
muscle satellite cells. Several other genes expressed at high
levels in MyoD/ myogenic cells including Hoxc10, TcRb,
Klra18, and G0S2 were similarly activated during muscle
regeneration (Figs. 5I and J). These results indicate a specific
induction of these markers during muscle regeneration and
support the hypothesis that MyoD-:Myf5+ myogenic pro-
genitors represent a distinct developmental stage in the
satellite cell program during regenerative myogenesis.
IgSF4 is a recently identified member of the immuno-
globulin protein superfamily (IgSF) of proteins related to
Synaptic Cell Adhesion Molecule (SCAM) that functions
at neuronal synapses (Biederer et al., 2002). IgSF genes
encode a diverse group of proteins characterized by the Ig
homology domain that regulate several processes includ-
ing cell adhesion and signal transduction cascades
(reviewed by Rougon and Hobert, 2003). Neuritin is a
GPI-anchored protein that is highly expressed in the brain
and induced in response to neural activity (Naeve et al.,
1997). Nestin is an intermediate filament protein that
serves as a marker for neural stem cells and adult
pancreatic stem cells (Lendahl et al., 1990; Sawamoto et
al., 2001; Zimmerman et al., 1994; Zulewski et al., 2001).
The function of these proteins in the myogenic lineage
remains to be defined.
Hox genes have been implicated in embryonic growth
and pattern formation. Notably, Hoxc10 is specifically
expressed in the developing hindlimbs but not forelimbs
of the Axolotl (salamander), mouse, and chick (Carlson et
al., 2001; Peterson et al., 1992, 1994). Hoxc10 is also
induced early during the regeneration of Axolotl forelimbs
coincident with the appearance of the undifferentiated
blastema cells, suggesting a role for Hoxc10 in dediffer-
entiation (Carlson et al., 2001). The expression of Hoxc10
in undifferentiated amphibian limb progenitors is consistent
with its expression in bmore primitiveQ MyoD-negative
myogenic precursors during muscle regeneration. Further
studies are required to assess the functional role of Hoxc10
in skeletal muscle development and regeneration.
Analysis of gene expression in satellite cells by RT-PCR
demonstrates that either Myf5 or MyoD is induced upon
activation before their coexpression in committed myogenic
precursors (Cornelison and Wold, 1997). Analysis of
regenerating muscle confirmed these findings, indicating
that 50% of activated satellite cells coexpress MyoD and
Myf5, 30% express MyoD alone, and 20% express Myf5
alone 3 h postinjury (Cooper et al., 1999). Our study
supports these findings and suggests a specific role for
myogenic cells expressing Myf5 but not MyoD in satellite
cell self-renewal. Taken together, our data indicate that
cultured MyoD/ myogenic cells provide a unique
opportunity to elucidate genetic networks activated in this
adult progenitor compartment.
Methodology to identify differentially expressed genes
between RNA preparations has been revolutionized withthe advent of spotted cDNA and oligonucleotide array
technologies. These procedures are becoming increasingly
robust for assessing global changes in gene expression.
However, the use of independent methods like RDA
remains powerful approaches to identify differentially
expressed genes that are novel or are present at low
levels. The ability to clone novel genes and tailor cDNA
subtractions by altering input cDNA ratios is not possible
with microarray methodology. Furthermore, the sensitivity
of RDA for identifying genes expressed at low levels
(e.g., tissue-specific transcription factors) offers a critical
advantage. Finally, inherent to RDA is the bphysicalQ
retrieval of differentially expressed cDNA fragments that
can then be used in expression studies and screening of
cDNA or genomic libraries. In this study, we have
successfully identified several specific genes using RDA
that will now form the basis of further research into the
biology of satellite cells. Future functional and genetic
analyses of the genes identified in this survey will help
elucidate the mechanisms acting during regenerative
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